Abstract The well SK-I in the Songliao Basin is the first scientific borehole targeting the continental Cretaceous strata in China. Oval concretions, thin laminae and beds of dolostone are found intercalated within mudstone and organic-rich black shale in the Nenjiang Formation of Campanian age. Low ordered ferruginous dolomite is composed of euhedralesubhedral rhombs with cloudy nucleus and light rims formed during the diagenesis, which are typical features of replacement. The heavy carbon isotopes (d
O PDB e 18.53wÀ5.1) is a characteristic feature of fresh water influence which means the carbonate may have been altered by ground water or rainwater in the late diagenesis. Marine water incursions into the normally lacustrine basin have been proved by both the salinity of Z value and the occurrence of foraminifera in the same strata where dolomite occurs. Pyrite framboids observed by SEM are usually enclosed in the dolomite crystals or in the mudstones, supporting the sulfate reducing bacteria (SRB). The formation of both dolomite and pyrite are associated with marine water incursions, which not only supply magnesium
Introduction
Dolomite has been extensively studied since it was described for the first time by French naturalist Deodalt de Dolemieu in 1791 (Hardie, 1987; Warren, 2000) . It is the ubiquitous component of sedimentary strata from Precambrian to Cenozoic, but volumetrically less represented in younger strata (Given & Wilkinson, 1987; McKenzie, 1991) . The major ambiguity of the dolomite formation mechanism is that recently formed dolomite has not yet been found, although "protodolomite" has been reported from Bahamas (Shinn et al., 1965) and Coorong lagoon of Australia (Von Der Borch and Jones, 1976) . Stoichiometric dolomite has not yet been synthesized in the laboratory under normal temperature and pressure conditions, and also has not been found precipitated in modern lakes. Thus the question is still open, are all the dolomites formed by secondary replacement, or a part of them remains unchanged? The genetic models proposed for dolomite origin include at least 15 different hypotheses (Jiang, 2003) . Therefore, the genesis of dolomite remains wide open and a subject of many sedimentary studies.
The Songliao Basin in northeast China is one of the largest Cretaceous continental rift basins in the world, and the largest oilbearing basin in China. Dark mudstone in the Nenjiang Formation is one of the most important oil production layers, and it occurs interbedded with thin layer dolostone. However, the genesis of dolostone has been unclear since the basin was explored in 1950's (Yang et al., 1985) . Studying the characteristics of dolostone formed in the Nenjiang Formation has a great significance in understanding the paleo-environment and the formation mechanism of petroleum.
Geological setting and sample description
The SK-I well with two drillings (south and north) is located in the Qijia-Gulong Sag which is one of the deposition centers of the Songliao Basin, northeast of China (Fig. 1) . The basin is of rift origin, infilled with mainly lacustrine sedimentary strata of Cretaceous age, and deposited in moderate-deep to deep lake environments. The lacustrine dolostone are mainly found in the first and second members of the Nenjiang Formation in SK-I(s), Campanian in age (Jilin, 1993) .
The well core of the dark mudstone encloses thin laminae and oval concretions of dolostone, limestone, small amount of siltstone, muddy siltstone and silty mudstone. Dolostone occurs as layers of few millimeters to several centimeters thick, which are interbedded with mudstone. The boundaries between dolostone layers and surrounding mudstone are sharp. Dolostone as oval shape concretions embedded within the mudstone are of small size (<5 mm). Both lithologies are found intercalated within dark mudstone and organic-rich black shale of the Nenjiang Formation. Because thin dolostone layers are always interbedded with mudstone, it is rather difficult to separate pure dolostone from mudstone. Therefore, only 15 samples were collected from the core of the first member of the Nenjiang Formation in SK-I(s), including 7 pure dolostone, 4 pure limestone and 4 mudstone samples (see Table 1 ). Distribution of the 11 carbonate samples is shown in Fig. 2 . It shows that carbonate samples are mainly from layers, only two samples are from oval concretions.
Experimental methods and conditions
X-ray diffraction (XRD) was performed in the X-ray Laboratory of the China University of Geosciences, Beijing, on the D/Max-RC Powder Diffractometer (Rigaku). The experimental conditions are: Cuka1, graphite monochromator, scintillation counter, voltage at 40 kV, current at 80 mA, continuous scan, slit system DS Z SS Z 1 , and RS Z 0.15 mm. Samples were ground into 300 mesh grains in agate bowl, packed in glass indentation, and pressed into plate type. The scan range is 3e70 2q, and scan speed is 8 /min. The main chemical elements were analyzed in the Electron Probe Laboratory, Chinese Academy of Geological Sciences, Beijing, using a JXA-8800R Electron Probe. Experimental conditions are: voltage at 20 kV, current at 20 mA, spot diameter 5 mm. Samples were polished into smooth face, and sprayed with carbon for measurement.
The trace elements and rare earth elements were measured in the Laser Plasma Laboratory, China University of Geosciences, Beijing, using an Agilent 7500 plasma mass spectrometer (ICP-MS). The standard sample AGV2 from the United States Geological Survey was used, and the rock samples R1 and R2 from the National Research Center of Geological Analysis, China were used for quality control during the analysis. The experimental error is in the range of 10%e15% for Ni, Co, Cr, Sc and <10% for other elements.
Carbon and oxygen stable isotopes were analyzed in the Isotope Laboratory of China University of Geosciences, Beijing, using a MAT253 gaseous isotopic spectrometer. Phosphoric acid method was used, and the environmental conditions are temperature at 22 C and humidity of 30%. Constant temperature reaction is at 90 C for 2 h. The size of sample grains is about 74 mm, and analytical precision is AE0.2‰.
Scanning electron microscopic (SEM) analysis was performed in the Physics College of Peking University, and the Key Laboratory of Continental Dynamics, Chinese Academy of Geological Sciences. The apparatus are Amray 1910FE scanning electron microscope at Peking University and JSM-5610LV SEM of Japanese JEOL with INCA energy dispersive spectrometer (EDS) of British Oxford Company in Chinese Academy of Geological Sciences. The accelerating voltage is 20 kV, the focusing distance is 20 mm, and the beam diameter is 40 nm. Pure metal Co is used to optimize the EDS system. The EDS method was used to analyze chemical elements of the mineral. To improve the imaging performance, the fresh faces of cross sections were coated with carbon for testing. 
Characteristics of dolostone

Microscopic mineralogy and X-ray diffraction
The texture and mineralogy of dolostone were investigated by optical microscope, SEM and XRD, respectively.
Dolomite texture
The dolomite under optical microscope has microlitic structure ( Fig. 3A) , with crystals of euhedralesubhedral shape (Fig. 3B ). Under SEM, the dolomite crystals show rhombohedron of euhedrale subhedral shape, with light rims and dark centers. The particles aggregate in a cumulative texture (see Fig. 4A , B). The space between dolomite crystals is filled by layered clay minerals, which from XRD analysis (see Fig. 5 ), are illite, illite/smectite mixed layer (I/S) and kaolinite.
The degree of order for dolomite in crystal structure
In a well ordered dolomite crystal, CaCO 3 layer and MgCO 3 layer alternate regularly, which defines a well ordered crystal structure, with the order being 1. Generally, dolomite is not an ideal crystal, and the intensity ratio of (015) and (110) diffraction peaks indicates approximately the degree of order in the crystal structure: 6 Z I (015) /I (110) , where 6 is the degree of order, I is the intensity of diffraction peak. If the ratio is close to 1, then the degree of order is high. Furthermore, molar content of CaCO 3 in the dolomite can be calculated approximately by the formula: (Lindholm, 1987) . XRD results of 7 dolostone samples show that the main mineral is dolomite, with minor amounts of quartz and kaolinite (see Fig. 6 ). In addition, the degree of order and the CaCO 3 molar content of dolomite in the crystal lattice are calculated (see Table 2 ). The ordered degree are in the range of 0.324e0.643, with an average value of 0.426; CaCO 3 molar content are in the range of 52.21e59.55 g/molar, with an average 54.31 g/molar. The lower ordered degree and calcium-rich composition indicate that the mineral was formed by replacing part of Ca 2þ in calcium carbonate with Mg 2þ and minor Fe 2þ during precipitation.
Geochemical characteristics
The results of major, trace and rare earth element chemistry, and C-O isotopes of the dolostones are briefly discussed below.
Major elements
The composition of dolomite is shown in Table 3 . CaO and MgO are the main components, comprising 45.82%e51.87%; the Combined with XRD phase analysis results (see Fig. 6 ), the SiO 2 is from quartz and kaolinite, whereas CaO, MgO and FeO T come from the dolomite. However, the content of MgO is higher than that of FeO T in dolomite, thus according to the composition (Wang et al., 1987) , it should be named ferruginous dolomite rather than ankerite as suggested by previous researchers (Liu and Wang, 1997; Wang et al., 2008) .
Trace elements and rare earth elements
The results of trace and rare earth elements composition in dolostone of the Nenjiang Formation are summarized in Table 4 .
The distributions of trace elements in the five dolomite samples are similar (Fig. 7) . The highest is the Mn content of 1087e2212 ppm; followed by Sr, Ti and Ba of 678.8e978.6 ppm, 318.2e956.8 ppm and 231.7e374.7 ppm, respectively; with other elements having contents lower than 100 ppm. The Sr/Ba values are in the range of 1.81e4.21, with an average value of 3.03. As Sr/Ba value is higher than 1, it indicates that the origin could be the sedimentary environment of a saline lake or marine (Liu, 1984) . The REE pattern is relatively flat, decreasing to the right (Fig. 8) , with SLREE > SHREE, having a strong negative Eu abnormal.
C-O stable isotopes
The C-O stable isotopes results of carbonates are summarized in a characteristic feature of fresh water influence, indicating that the carbonate may have been altered by ground water or rainwater during late diagenesis (Zhang, 1997) . Heavy carbon e d 13 C PDB in samples could be the result of fermentation of organic carbon in an anoxic environment (Irvin et al., 1977) . However, when compared with the limestone, dolostone has more heavy carbons, indicating higher salinity of fluids water and stronger reducing environment. It is the contribution from both organic matter decomposed by bacteria and degassing of carbon dioxide which result in accumulated heavy carbons being preserved in a strong reducing environment (Talbot, 1990; Valero-Garces and Emilto, 1995; Mees et al., 1998; Schwalb et al., 1999) . d
18 O PDB in dolomite is Figure 6 XRD patterns for dolostone samples. The paleo-salinity in water can be inferred from the Z value (Keith & Weber, 1964) , calculated according to the formula:
O PDB þ 50). If Z < 120, it indicates a freshwater environment; if Z > 120, it indicates a marine environment, or the participation of sea water during precipitation. Table 5 shows that the Z value for dolostone is ranging between 126 and 157, with an average value of 143; and for limestone, Z value is in the range of 116e123, with an average value of 121. Z value of all carbonate samples is higher than 120, which indicate the influence of sea water in the dolomite formation in the first member of the Nenjiang Formation. One support for the paleo-salinity calculation of dolomite is the occurrence of both benthic and planktonic foraminifera at depth from 1005.62 m to 1123.62 m, which is the stratigraphic level where dolostone occurs. This is a direct evidence for marine water incursions into the Songliao Basin during deposition of the Lower Nenjiang Formation (Xi et al., 2011) . As dolostone are missing in other lacustrine sedimentary strata in the basin, it is concluded that the sea water provided Mg 2þ source for the formation of dolomite. Therefore, marine water incursions may play an important role in formation of dolomite in the Nenjiang Formation.
Pyrite
Pyrite (FeS 2 ), a common sulfide mineral in sedimentary rocks, can be formed in hydrothermal environment, low-temperature diagenetic environment or precipitate in anoxic waters. It is a typical mineral found in organic-rich sediments and also an indicator of euxinic depositional conditions (Davis et al., 1988; Wilkin et al., 1996; Wang and Morse, 1996; Wilkin and Barnes, 1997; Wignall and Newton, 1998; Wilkin and Arthur, 2001; Schoonen, 2004; Wignall et al., 2005; Shen et al., 2007; Zhou and Jiang, 2009) . Pyrite is widely distributed in the first member of the Nenjiang Formation where dolomite is present. XRD results show that the mudstone interbedded with dolomite layers is mainly composed of quartz, plagioclase, dolomite, calcite, illite and illite/smectite mixed layer, and also minor pyrite is being pervasively scattered in the rocks (see Fig. 5 ). As the presence of pyrite indicates reducing deposition conditions, we are interested in finding out whether its origin has been influenced by microbe's activity. Therefore, we conducted a SEM study of pyrite in the dolostone and in the mudstone samples (Figs. 9 and 10 ).
In the dolostone, pyrite framboids scatter among the rhombic dolomite crystals. They have cubic crystal form, with grain size of about 0.5 mm (Fig. 9) . In the mudstone, pyrite crystals are found mainly within ostracod shells, where they have cubic shape, pentagonal dodecahedron or octahedron (Fig. 10A) . Single framboids with cubic shape are also present (Fig. 10B) . Framboids can aggregate into framboidal aggregates (Fig. 10C) , and EDS results show that the main chemical elements of framboids are Fe and S (see Fig. 10C inset) , confirming that they are pyrite. In samples we studied, the spheric aggregates of pyrite framboids are the main morphological feature of pyrite.
The term, "framboid" was used in French language for the first time by Rust (1935), and was described as "spherical aggregate of equal granular micron-size pyrite crystals" (Love and Amstutz, 1966; Rickard, 1970) . Later, scientists found that pyrite framboids pervasively exists in modern marine sediments, freshwater Taylor and McLennan, 1985) . sediments, lacustrine sediments, salt marshes, coal beds, carbonate rocks, moraine sediments, etc. (Stene, 1979; Luther et al., 1982; Weise and Fyfe, 1986; Sassano and Schrijver, 1989; Marnette et al., 1993) . It has been suggested that the origin of pyrite framboids is mediated by sulfate reducing bacteria (SRB) activity (Schneiderh€ ohn, 1923; Love, 1957) . This process can be expressed by following equations (Vasconcelos and McKenzie, 1997; Boetius et al., 2000; Orphan et al., 2001) :
Equation (1) shows that the magnesium sulfate is deoxidized into H 2 S by SRB with organic matter acting as reductant and energy source under anoxic condition, and in equation (2) H 2 S reacted with Fe 2þ , and eventually pyrite is formed and preserved in the sediments (Berner, 1984; Berner and Raiswell, 1984) .
These chemical reactions indicate that the sulfate reduction by microbes will reduce organic matter, and decrease the concentration of sulfate in fluid, thereby reduce the chemical barrier kinetics of sulfate during dolomite precipitation (Baker and Kastner, 1981) . In addition, the sulfate in the sea water often exists in the forms of Mg 2þ and SO 4 2À . While the sulfate reducing bacteria consumes sulfate, it can release Mg 2þ which is a necessary ion for precipitation of dolomite (Vasconcelos and McKenzie, 1997) . SEM results of pyrite micro-morphology show that pyrite framboids are enclosed within the rhombs of ferruginous dolomite, confirming that SRB not only supplied the main Mg 2þ source, but also overcome constraint of chemical kinetics to provide a favorable micro-environment for the formation of ferruginous dolomite. Therefore, we infer that the formation of dolomite in the Cretaceous Nenjiang Formation in the Songliao Basin has been influenced by SRB.
Origin of dolomite
The problem of the origin of dolostone has long occupied the minds of geologists, and the controversial aspects of dolomite research are the various models for dolomitization. Furthermore, the genesis of dolostone varies from place to place (Machel, 2004) . For this reason, dolostone coming from different places should have to be investigated individually. Therefore, based on the petrologic study, the following three mechanisms contribute to the formation of dolomite in the Nenjiang Formation:
Replacement of calcite during diagenesis
Observed by the polarized light microscopy and SEM, the dolomite of the Nenjiang Formation shows microlitic structure, with euhedralesubhedral rhombic shape. Dolomite is the result of replacement of calcite by Mg 2þ as evidenced by the typical structure of crystals with a cloudy nucleus and light rims. In addition, the degree of lower order (average value 0.426) and calcium-rich feature (average value 55.48 g/molar) of ferruginous dolomite by XRD also indicate that the mineral formed rapidly in the depositional environment by replacement of Ca 2þ with Mg 2þ and minor Fe 2þ .
Marine water incursions
Z values of C-O stable isotopes, and higher Sr/Ba values of elements in dolomite reflect the higher salinity in the depositional environment. A contribution from the sea water in the first member of the Nenjiang Formation is supported by recently found foraminifera. Marine water incursions not only supplied the main Mg source, but also caused strong salinity stratification in the lake resulting in bottom waters being anoxic. Therefore, marine water incursions were an instrumental ingredient in the formation of dolomite.
Sulfate reducing bacteria (SRB)
Pyrite framboids being enclosed in dolostone and mudstone in the strata are the result of sulfate reducing bacteria (SRB). In the interface between sediments and water, the sulfate was deoxidized into H 2 S by SRB with organic matter as reductant and energy source under the anoxic condition. H 2 S further reacted with Fe 2þ , and eventually pyrite was formed and preserved in the sediments. At the same time, the fermentation of organic matter and degassing of carbon dioxide concentrated heavy carbons, which were preserved in the form of HCO 3 À , and HCO 3 À further combined with Ca 2þ to form calcium carbonate (calcite or aragonite), then ferruginous dolomite was formed after Mg 2þ and minor Fe 2þ replaced calcium carbonate. This is the reason why the d 13 C values are positive. Therefore, marine water incursions were instrumental in the basin for the formation of dolomite and pyrite framboids.
Conclusion
From the study of lacustrine to marine (see foraminifera etc.) sedimentary deposits in the first member of the Nenjiang Formation of the Upper Cretaceous, we established that present dolomite is of ferruginous composition (FeO T < MgO) with microlitic structure. SEM observation shows that the mineral occurs as rhombohedron, euhedralesubhedral shape, with replacement diagenetic texture of cloudy nucleus and light rims of the crystals. The dolomite has lower ordered degree in crystal structure. C-O stable isotopes of dolostone show the presence of heavy carbon and light oxygen. Heavy carbon (d 13 C) enrichment is due to both the fermentation of organic matter by microbes and degassing of carbon dioxide during the period of diagenesis. The light oxygen d
18 O is a characteristic feature of fresh water influence which may be altered by ground water or rainwater in the late diagenesis. The salinity of Z values (>120) and Sr/Ba value (>1) are all indicating the participation of marine water. The salinity of dolostone is higher than that of limestone, indicating that dolomite was formed in a reducing environment created by the strong salinity stratification in the lake.
Pyrite framboids scattered both in dolomite crystals and mudstone resulted by sulfate reducing bacteria (SRB). Marine ingression provided magnesium cations for dolomite, and also contributed to the creation of an anoxic environment by salinity stratification in the lake.
Therefore, we conclude that the formation of dolostone within first member of the Nenjiang Formation in the Songliao Basin, China, is associated with marine water incursions into the normally lacustrine basin, diagenetic replacement and sulfate reducing bacteria (SRB).
